Purpose Determine the frequency and prognostic value of circulating Epstein-Barr virus (EBV) DNA copy number in angioimmunoblastic T-cell lymphoma (AITL) patients who were treated with dose-adjusted etoposide, prednisone, vincristine, cyclophosphamide and doxorubicin (DA-EPOCH) regimens.
Introduction
Angioimmunoblastic T-cell lymphoma (AITL) is one of the most frequent peripheral T-cell lymphomas and clinically characterized by widespread lymphadenopathy, and commonly, extranodal disease, immune-mediated hemolysis, and polyclonal hypergammaglobulinemia [1] . Both the neoplastic T cells of T follicular helper (TFH) cells and tumor microenvironment (TEM) which contained reactive component made of small lymphocytes, histiocytes, eosinophils, plasma cells, and B immunoblasts are involved in the maintenance of tumor cell viability [2, 3] .
Within this AITL TEM, some of the B immnunoblasts are Epstein-Barr virus (EBV)positive, which can drive the development of a EBV-positive B-cell lymphoma [4] . However, the pathogenetic role of EBV infection/reactivation of these B cells in AITL development is unclear. It is unknown whether EBV-positive B cells are involved in AITL lymphomagenesis and development of the TEM or merely occur as a sequence of an underlying "immune dysfunction" [4] [5] [6] . The prognostic roles of EBV DNA in plasma or whole blood have been explored in many other EBV-associated lymphomas [7] [8] [9] [10] [11] [12] . However, no studies were specially focused on the prognostic role of EBV DNA in whole blood for AITL patients. In this study, we focused on the frequency and prognostic roles of EBV DNA in 60 AITL patients who were all treated with the regimen of dose-adjusted etoposide, prednisone, vincristine, cyclophosphamide and doxorubicin (DA-EPOCH) [13, 14] .
Materials and Methods

Subjects
Sixty consecutive newly-diagnosed AITL patients were enrolled in this study from February, 2009 to November, 2015. Diagnosis of AITL was based on criteria of 2008 World Health Organization classification [1] . Baseline clinical characteristics were totally available, including age, sex, Ann Arbor stage, B symptoms, Eastern Cooperative Oncology Group (ECOG) performance status, extranodal sites, lactate dehydrogenase (LDH), platelet counts (PLT), lymphocytemonocyte ratio (LMR), bone marrow involvement (BMI), prognostic index for angioimmunoblastic T-cell lymphoma (PIAI) score (which including age > 60, ECOG performance status > 2, extranodal sites of disease > 1, presence of B symptoms, and a PLT < 15010 9 /L). Furthermore, anti-EBV antibody tests (Epstein-Barr nuclear antigen [EBNA]-IgG, EBV-CA-IgG, EBV-CA-IgA, EBV-CA-IgM, and EBV-EA-IgG) were done in some subjects. All patients were treated with DA-EPOCH regimen [13, 14] . Response criteria were reported using standard criteria [15] and response were classified as complete response (CR), unconfirmed CR (CRu), partial response (PR), stable disease, and progressive disease (PD).
EBV-DNA by real-time PCR
Whole blood samples were collected in an EDTA-containing tube and DNA extracted with the EBV-PCR Fluorescence Quantitative Diagnostic Kit (Da An Gene Co., Guangzhou, China). Quantification of EBV-specific sequences was performed by RQ-PCR assay with an ABI PRISM 7500 (Applied Biosystems, Foster City, CA). Copy number was calculated from a standard curve. The lower boundary of test sensitivity was 510 3 copies/mL. Subjects with values < 510 3 copies/ mL were scored as EBV-DNA-negative including potentially subjects with no copies and subjects with values of 1 to < 510 3 copies/mL.
Statistics
Fisher exact test was applied to categorical variables and the Mann-Whitney U test to continuous variables. The discriminative ability of the characteristics was determined using time-dependent receiver-operator characteristics curves and the corresponding areas under the curve (AUCs) were calculated to assess the predictive accuracy of the characteristics. Progressive-free survival (PFS) was defined as interval from diagnosis to first progression, relapse. Overall survival (OS) was defined as interval from diagnosis to death, loss to follow-up or July, 2017. Survival curves were constructed by Kaplan-Meier method, and log-rank test used to test for significant differences. Associations between variables and EBV DNA testing results were interrogated in univariable analyses. Variables with significant associations were included in multivariable Cox proportional hazards regression analyses. Statistical analyses were performed using SPSS software for Windows ver. 17.0 (SPSS Inc., Chicago, IL). p-values < 0.05 were considered significant. Data were analyzed as of July 1, 2017. Median follow-up is 40 months (range, 14 to 100 months).
Ethical statement
The study was approved by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical University. Subjects provided written informed consent and carried out according to the Declaration of Helsinki.
Results
Subjects
Twenty-two subjects (36.7%) had a positive EBV DNA test at diagnosis. Median viral concentration was 7.2010 5 copies/mL (range, 8.3610
3 to 5.5810 6 copies/mL). Only 10 patients had pretreatment results of anti-EBV antibody tests. And all the 10 subjects had serological evidence of prior EBVinfection (EBNA-IgG-positive and EBV-CA-IgG-positive). Three out of the 10 subjects also had EBV-EA-IgG-positive and all the patients were both EBV-CA-IgA-negative and EBV-CA-IgM-negative. Clinical variables are compared between the EBV DNA-positive and -negative cohorts in Table 1 . The median age was 60 years (range, 33 to 79 years) and 43.3% of them were more than 60 years old. There was a male predominance (38 men and 22 women). Most patients (88.3%) were at advanced stage and 58.3% had elevated LDH levels. B symptoms were observed in 66.7%. Twenty-one patients (35.0%) had an ECOG performance status (PS) score of more than 2, and 23 patients (38.3%) had more than one extranodal sites. BMI was found in 17 patients (28.3%) and 45 patients (75.0%) had PIAI score of 3-5. The optimal cut-off value for defining LMR according to OS was 1.7 (sensitivity, 45%; specificity, 91%; AUC, 0.668; p=0.024) and this cut-off point also had significant predictive value for PFS. Among the 21 patients who had LMR less than 1.7, there were 12 patients in EBV DNApositive group while nine patients in EBV DNAnegative group (p=0.024). However, no significant differences were observed between EBV DNA-positive and -negative group according to other clinical characteristics (Table 1) .
Clinical outcomes of the regimen of DA-EPOCH for AITL patients
Response at the end of the treatment was assessed after treatment completion for 60 patients. Seven patients received upfront autologous hematopoietic stem cell transplantation (ASCT) after completion of six cycles of DA-EPOCH while only one patient received ASCT after salvage chemotherapy. And one patient received allogeneic hematopoietic stem cell transplantation after salvage chemotherapy. Twenty-two patients achieved a CR or CRu (36.7%; 95% confidence interval [CI], 24.6 to 50.1). Twenty-one patients (35.0%; 95% CI, 23.1 to 48.4) had a partial response, leading to an overall response rate (ORR) of 71.7% (95% CI, 58.6 to 82.5). With a median follow-up of 40 months (range, 14 to 100 months), the 3-year PFS rate was 30.9%±6.1% and the OS rate was 60.1%±6.6% (Fig. 1A) . Twenty-seven patients (45.0%) were dead. Among these patients, 22 patients (81.5%) were attributed to disease progression and the other five patients (18.5%) were to serious infection. Of note, no patients developed diffuse large B-cell lymphoma during the follow-up period. For EBV DNA-positive patients (22 patients), the 3-year PFS rate was 6.8%±6.1% and the OS rate was 43.8%±11.0% while for EBV DNAnegative group (38 patients), 3-year PFS rate was 44.7%±8.1% and the OS rate was 69.4%±7.9%. 
Prognostic value of pretreatment EBV-DNA
Not only did PFS estimation differ between the EBV DNApositive and EBV DNA-negative group (HR, 2.24; 95% CI, 1.15 to 4.35; p=0.006), but also worse OS was observed in the pretreatment EBV DNA-positive group than in the EBV DNA-negative group (HR, 2.74; 95% CI, 1.22 to 6.19; p=0.006); this is shown in Fig. 1B 
Changes in EBV copies and therapy-response
Twenty-two subjects with an EBV DNApositive test at diagnosis had sequential measurements of EBV copies during therapy and follow-up (Fig. 2) . Eight patients who experienced PD before the completion of six cycles of DA-EPOCH were all with elevated EBV DNA copy number. And six of eight patients were dead at the end of follow-up deadline. Among the seven patients achieved PR at the end of completion of DA-POCH treatment, only three patients were with undetectable EBV-DNA copy number and two of these three patients were alive at the end of follow-up deadline. As regard to the seven patients who were assessed as CR/CRu at the end of completion of DA-EPOCH treatment, the copy number of EBV-DNA was all decreased into undetectable level while five of them experienced PD during the followup.
Discussion
Similar to natural killer/T-cell lymphoma, AITL has been showed to have an intricate relationship to EBV. The majority of large B cells in the TEM can be shown by in situ hybridization to have active EBV while the malignant TFH will not [4] [5] [6] . However, the nature of the relationship between EBV and AITL is unclear. Some argue that the presence of EBV reflects the profound immune-deficient state for AITL patients which are also demonstrated in the present study with the fact that more EBV DNApositive patients were associated lower LMR [2] [3] [4] . However, others argue that EBV itself drives the development of AITL [2] [3] [4] 16] . Delfau-Larue et al. [17] demonstrated that EBV detection in peripheral blood mononuclear cell correlated strongly with EBV quantification by Epstein-Barr encoding region in lymph node biopsies and the presence of circulating EBV DNA is strongly associated with the presence of circulating AITL tumor cells. Recently, Chen et al. [12] showed that elevated plasma EBV DNA was associated with shorter survival in 135 peripheral T-cell lymphoma patients which included 25 AITL patients. Here, we focused on the entity of AITL subtype which were also based on the same regimen of DA-EPOCH, and found that EBV-DNA in whole blood were independent risk factor of survivals (PFS and OS) for 60 AITL patients and reduction in EBV copies was significantly correlated with therapyresponse. Overall, the prognosis for AITL patients is poor with the median OS of less than 3 years in most studies [6] . Many treatment strategies, ranging from intensive combination chemotherapy to adding new drug to conventional chemotherapy have been evaluated for AITL patients. Adding new drugs of etoposide and bleomycin in the MACOP-B to CHOP regimen have failed to increase the survival rate for AITL patients [18, 19] . Given the important role of TEM in AITL patients, some attempts to add the drug of attacking the vascular irregularities and B-cell blast to CHOP have been evaluated in AITL patients [17, 20, 21] . Avastin, a vascular endothelial growth factor antagonist has been combined with CHOP with avastin maintenance in a phase II study. However, due to the significant cardiac toxicity, it was not further explored [20, 21] . Rituximab, targeting B-cells was also employed in combination with CHOP in a phase II study, which included 25 AITL patients [17] . The ORR was 80% with 2-year OS rate of 62% which was close to that previously reported with CHOP alone [2] . In the present study, all patients received DA-EPOCH regimen. Overall, the ORR was 71.7% with the 3-year PFS rate of 30.9% and OS rate of 60.1%. It seemed that no significant improvements were observed for patients who were treated with more intensive chemotherapy of DA-EPOCH than the regimen of CHOP or R-CHOP [2, 17, 22] , though it has been proposed in the NCCN guidelines based on institutional preference.
However, when specialized in the EBV-DNA subgroup, we found that patients with EBV-DNA negative have superior survivals with the ORR of 81.6% and 3-year PFS and OS rate of 45.0% and 70.0%, respectively. After deep analysis of the dynamic quantitative changes of EBV-DNA copy numbers with the therapy, we found that nearly all the patients with early disease progression who were experienced PD after 3 cycles of DA-EPOCH therapy were with elevated EBV-DNA copy number (subject 1, 2, 3, and 4). For patients who achieved PR after three cycles of DA-EPOCH while also were with elevated EBV DNA copy number, they all experienced PD before the completion of six cycles of DA-EPOCH regimen (subject 5, 6, 7, and 8). In our cohort of 22 EBV DNApositive patients, only patients had undetectable EBV-DNA copy number after the one cycle of DA-EPOCH regimen and keep undetectable levels until the completions of all the 6-8 cycles of DA-EPOCH regimen have the best prognosis who were all alive with the CR/CRu (subject 21 and 22) . Therefore, we concluded that: (1) phagocytic lymphohistiocytosis patients, early blocking of EBV storm was important for pretreatment EBV DNApos-itive AITL patients; (2) New therapy to anti-EBV was urgently needed for those patients to improve their survivals. Due to the low prevalence of AITL, limit data were available on prognostic factors in patients with AITL. International Prognostic Index, as a classic model for risk stratification of patients with aggressive non-Hodgkin lymphoma, failed to estimate survivals in AITL patients [23] . PIAI which including age > 60 years, ECOG PS > 2, extranodal sites of disease > 1, presence of B symptoms, and a PLT < 15010 9 /L) first described by Federico et al. [24] were specifically for AITL patients with a low risk group (0-1) with a 5-year OS rate of 44% and high risk group (2-5) associated with 5-year OS rate of 24%. In our study, PIAI score of 2-5 was only independently associated with inferior OS while not PFS. Furthermore, we found that pretreatment EBV DNA positive was independent risk factor for both PFS and OS after adjusting PIAI. Recently, Kim et al. [8] has suggested that circulating EBV-DNA level should be added into the prognostic index for natural killer lymphoma (PINK-E), which were also validated in our previous study [11] . Therefore, we thought that EBV DNA copy number should also be added into the prognostic index such as PIAI or any other prognostic index which might be conducted with larger cohort of AITL patients in the further for better risk-stratification.
Though a number of weaknesses, such as retrospective study with relatively small number size, were in the present study, we still come up with some indications for AITL patients: (1) intensive chemotherapy with DA-EPOCH cannot significantly improve outcomes for AITL patients; novel therapies especially combined the anti-EBV therapy are urgently needed for those patients; (2) pretreatment EBV DNA copy number was an important prognostic and monitoring marker for AITL patients which should be added into the further prognostic index based on larger prospective studies specially for AITL patients.
